Polyubiquitin chains mediate a variety of biological processes, ranging from proteasomal targeting to inflammatory signaling and DNA repair. Their functional diversity is in part due to their ability to adopt distinct conformations, depending on how the ubiquitin moieties within the chain are linked. We have used the eukaryotic replication clamp PCNA, a natural target of lysine (K)63-linked polyubiquitylation, as a model substrate to directly compare the consequences of modification by different types of polyubiquitin chains. We show here that K63-polyubiquitylated PCNA is not subject to proteasomal degradation. In contrast, linear, noncleavable ubiquitin chains do not promote DNA damage tolerance, but function as general degradation signals. We find that a linear tetraubiquitin chain is sufficient to afford proteasomal targeting through the Cdc48-Npl4-Ufd1 complex without further modification. Although a minimum chain length of four is required for degradation, a longer chain does not further reduce the half-life of the respective substrate protein. Our results suggest that the cellular machinery responsible for recognition of ubiquitylated substrates can make subtle distinctions between highly similar forms of the polyubiquitin signal.
Polyubiquitin chains mediate a variety of biological processes, ranging from proteasomal targeting to inflammatory signaling and DNA repair. Their functional diversity is in part due to their ability to adopt distinct conformations, depending on how the ubiquitin moieties within the chain are linked. We have used the eukaryotic replication clamp PCNA, a natural target of lysine (K)63-linked polyubiquitylation, as a model substrate to directly compare the consequences of modification by different types of polyubiquitin chains. We show here that K63-polyubiquitylated PCNA is not subject to proteasomal degradation. In contrast, linear, noncleavable ubiquitin chains do not promote DNA damage tolerance, but function as general degradation signals. We find that a linear tetraubiquitin chain is sufficient to afford proteasomal targeting through the Cdc48-Npl4-Ufd1 complex without further modification. Although a minimum chain length of four is required for degradation, a longer chain does not further reduce the half-life of the respective substrate protein. Our results suggest that the cellular machinery responsible for recognition of ubiquitylated substrates can make subtle distinctions between highly similar forms of the polyubiquitin signal.
DNA damage bypass | polyubiquitin chain linkage | proteasome | protein degradation | UFD pathway U biquitin belongs to a family of posttranslational modifiers that alter the properties of their targets in various ways, usually by affecting their interactions, localization, or stability. Although best known for its role in regulated protein degradation (1) , ubiquitin mediates a variety of nonproteolytic functions (2) . By means of an enzymatic cascade involving an activating enzyme (E1), a conjugating enzyme (E2), and a ligase (E3) that determines substrate selectivity, ubiquitin is generally attached to its targets through an isopeptide linkage between the modifier's carboxy (C) terminus and the ϵ-amino group of a lysine (K) residue within the target (1) . Its versatility as a signaling molecule is at least in part due to its ability to form polymeric chains. These can adopt a number of different geometries, depending on which of the seven lysines of ubiquitin is used as an acceptor for chain formation (3) . Downstream effector proteins that selectively recognize a particular type of chain are believed to mediate the outcome of the modification.
A polyubiquitin chain whose monomers are linked through K48 acts as a signal for degradation by the 26S proteasome (4) . K29-linked polyubiquitin chains also mediate degradation, as shown for the ubiquitin fusion degradation (UFD) pathway in yeast, which recognizes a single, noncleavable ubiquitin moiety at the N terminus of a target protein as a substrate for further modification (5) . However, the short K29-linked chains assembled by the UFD-specific E3 Ufd4 are relatively inefficient in proteasomal targeting and are therefore extended via K48-linkage by a dedicated enzyme, Ufd2, also called E4 (6, 7) . Downstream factors responsible for the recognition of the polyubiquitin chain and the targeting of the modified substrate to the proteasome include the escort factors Cdc48, Npl4, and Ufd1 and ubiquitin adaptors such as Rad23 and/or Dsk2 (8) .
K63-linked polyubiquitin chains assembled by the heterodimeric E2 complex of Ubc13 and the E2-like Uev1/Mms2 feature prominently in the NFκB-dependent inflammatory response (9) and also in a system of DNA damage bypass known as the RAD6 pathway (10) . Here, the relevant modification target is the eukaryotic sliding clamp PCNA, a processivity factor for replicative DNA polymerases (11) . Damage-induced monoubiquitylation promotes the recruitment of damage-tolerant DNA polymerases for a process named translesion synthesis (TLS) (12, 13) . In contrast, modification by a K63-linked polyubiquitin chain activates an alternative pathway of damage avoidance that allows cells to overcome replication-blocking lesions in the template strand in an error-free manner, possibly involving a template switch (11, 14) . The mechanism by which the K63-linked ubiquitin chains act remains unknown. In the context of NFκB activation, K63-polyubiquitylation is unrelated to proteolysis, as the chains appear to act as scaffolds for the assembly of a signaling complex, but a proteolytic function has not been excluded for the damage tolerance pathway. When linked to a model substrate in vitro, K63-linked polyubiquitin chains in fact trigger proteasomal degradation (15) , and recent evidence suggests that they may also function as a degradation signal in vivo (16) .
The picture of ubiquitin chain linkage is further complicated by the recent discovery of an E3 in higher eukaryotes, LUBAC, which catalyzes the assembly of linear chains where the ubiquitin moieties are linked in a tandem arrangement via ubiquitin's amino (N) terminus (17) . As the latter is spacially very close to K63, linear chains adopt a conformation almost identical to that of K63-linked chains (18) . Yet, although LUBAC was found to be important for NFκB signaling as well (19) , the function of the linear chains does not coincide with that of the K63-linked chains, consistent with subtle differences in their recognition by the ubiquitin-binding (UBAN) domain of the Iκ kinase subunit NEMO (18, 20) . Moreover, LUBAC can promote the degradation of a model substrate in vivo, indicating a possible function of linear chains in proteasomal targeting (17) .
These observations raise the general questions as to what extent linear and K63-linked polyubiquitin chains are interchangeable in their functions, and whether or not they act as degradation signals. PCNA as a natural target of K63-linked polyubiquitylation has provided us with the unique opportunity of directly comparing the effects of linear versus K63-linked polyubiquitylation of a common substrate. Our results indicate that-similar to the NFκB pathway-the system of DNA damage bypass is able to differentiate between linear and K63-linked polyubiquitin chains.
Results
Linear Polyubiquitin Chains Do Not Promote DNA Damage Tolerance.
In order to directly compare the effects of linear versus K63-linked chains on a common substrate, we designed linear fusions of polyubiquitin arrays to the N or C terminus of PCNA (Fig. 1A) . We had previously shown that a single ubiquitin fused to PCNA successfully complements a defect in monoubiquitylation at the native site, K164, indicating that the position of ubiquitin on PCNA is not critical for function in TLS (21) . In order to allow for some conformational flexibility we designed a series of constructs containing two to four ubiquitin repeats separated by a short linker (Ub Ã n ðLÞ-PCNA Ã ), and two constructs in which four ubiquitin moieties were joined precisely in a head-to-tail arrange-
. In order to prevent further modification, the major acceptor sites for ubiquitin and/or the small ubiquitin-related modifier (SUMO) on PCNA (K164 and K127) and ubiquitin (K29, K48, and K63) were mutated to arginine (indicated by an asterisk in our notation), and disassembly of the chains was prevented by mutation of the C-terminal glycine of each ubiquitin to valine.
The constructs were expressed from the POL30 promoter in a rad18 strain, which is unable to ubiquitylate endogenous PCNA, and the resulting strains were tested for sensitivity to UV radiation and the alkylating agent methyl methanesulfonate (MMS). Ub Ã 4 ðLÞ-PCNA Ã suppressed the damage sensitivity of rad18 cells to some degree (Fig. 1B and Fig. S1A ). In contrast, the linkerless versions, Ub Ã 4 -PCNA Ã and PCNA Ã -Ub Ã 4 , did not afford significant rescue beyond the effect of PCNA Ã alone (Fig. 1B and Fig. S1B ). Interestingly, all of the linker-bearing fusions, Ub Ã 2 ðLÞ-PCNA Ã , Ub Ã 3 ðLÞ-PCNA Ã and Ub Ã 4 ðLÞ-PCNA Ã , conferred damage sensitivities identical to that of the "monoubiquitylated" version, Ub Ã -PCNA Ã (Fig. 1C and Fig. S1A ). Moreover, rescue of viability by these constructs was completely dependent on the presence of the TLS polymerases, as none of them had any effect on the sensitivity of a rad18 ΔTLS strain, carrying deletions of the genes encoding the budding yeast damage-tolerant polymerases (Fig. S1A) . We therefore conclude that the rescue observed with Ub Ã n ðLÞ-PCNA Ã -as with the monoubiquitin fusion-was due to TLS rather than error-free damage bypass. The failure of the linkerless constructs to support TLS is intriguing, as it might indicate a steric obstruction of the interaction site for the damagetolerant polymerases on the PCNA-proximal ubiquitin moiety by the head-to-tail linkage.
In order to exclude the possibility that a nonphysiological location of the ubiquitin chain prevented its function in damage bypass, we generated a variant of Ub Ã -PCNA Ã , named Ub K63Ã -PCNA Ã (Fig. 1A) . In vitro, this arrangement permits polyubiquitin chain formation on K63 of the ubiquitin moiety (22) . In a rad18 strain, we observed a suppression of the damage sensitivity that was largely independent of TLS and exceeded the effect of Ub Ã -PCNA Ã considerably ( Fig. 1C and Fig. S1C ), indicating that polyubiquitin-dependent damage bypass was functional, even though the chains were attached to the N terminus of PCNA. Given that none of the linear constructs was able to support error-free damage bypass, these data suggest that linear and K63-linked polyubiquitin chains are functionally distinct.
Linear Polyubiquitin Chains Target PCNA for Proteasomal Degradation. On Western blots we noticed a dramatic reduction in the abundance of all fusion proteins bearing tetraubiquitin chains when compared with the shorter versions or endogenous PCNA ( Fig. 2A and Fig. S2A ). The effect was not due to reduced mRNA levels of the corresponding constructs (Fig. S2B ). Given the notion that the mimimum length of a K48-polyubiquitin chain for efficient recognition by the 26S proteasome is four ubiquitin moieties (23), we hypothesized that the linear tetrameric chains might act as proteasomal degradation signals. In support of this model, recombinant Ub Ã 4 -PCNA Ã , but not native PCNA Ã , was degraded by purified 26S proteasome in vitro (Fig. S3A ). In vivo we observed increased steady-state levels of the tetraubiquitin fusions in pre1-1 proteasome mutants (Fig. 2B) . Moreover, chase experiments with the translation inhibitor cycloheximide indicated that they were degraded in WT cells, but stabilized in the pre1-1 mutant (Fig. 2C ). As purified Ub Ã 4 -PCNA Ã readily formed trimers (Fig. S3B) , misfolding was unlikely to be the cause of instability. Hence, these findings suggest that linear polyubiquitin chains of sufficient length on PCNA act as proteasomal degradation signals. Intriguingly, however, the rates of proteolysis varied considerably between the three constructs and were hardly comparable to those of some short-lived endogenous proteins or model substrates (1, 5). K63-Polyubiquitylation Does Not Target PCNA for Degradation.
Polyubiquitylation of PCNA by K63-linked chains, triggered by conditions of DNA damage, does not result in an obvious decrease in total cellular levels of PCNA (11) . However, as the fraction of PCNA ubiquitylated at any given time is exceedingly small, this does not necessarily indicate a nondegradative function of the modification. In fact, proteasome mutants were previously reported to cause DNA damage sensitivity and exhibit an epistatic relationship with mutants in the RAD6 pathway, thus possibly linking proteasome activity to PCNA modification (24) . We were therefore interested to directly assess the fate of K63-polyubiquitylated PCNA. As expected, we observed an accumulation of total ubiquitin conjugates in cell extracts of cultures treated with the proteasome inhibitor MG132 or mutated in the genes encoding the proteasome maturation factor Ump1 or the catalytic subunit Pre1 (Fig. 3 A and B) . In contrast, the levels of polyubiquitylated PCNA, observable after treatment with the DNA-damaging agent MMS, were not increased, but rather reduced upon attenuation of proteasome activity, and no high molecular weight species accumulated that could have indicated a conversion to longer chains ( Fig. 3 C and D) . Therefore, it appears that polyubiquitylated PCNA is not normally a substrate of the proteasome. Instead, the reduction in the amount of ubiquitylated PCNA in the presence of MG132 and in the proteasome mutants is likely due to the depletion of free ubiquitin that results from a lack of recycling (25) .
A Linear Polyubiquitin Chain Acts as a General Degradation Signal. In order to generalize our results and exclude potential PCNAspecific effects on the turnover rate elicited by linear ubiquitin chains, we constructed an analogous fusion of the head-to-tail tetraubiquitin chain to the N terminus of β-galactosidase (Ub Fig. 4A ), a model proteasome substrate whose degradation pattern has been studied in detail (26, 5) . Whereas the protein by itself (βGal) is stable in yeast cells, fusion of a single, noncleavable ubiquitin moiety to its N terminus (Ub-βGal, Fig. 4A ) renders it extremely short-lived (26) . Hence, comparing the stability of Ub Ã 4 -βGal with Ub-βGal and βGal should allow an estimation of the efficiency of the linear tetraubiquitin chain as a general degradation signal. Northern blots indicated that the expression levels of all three constructs were comparable (Fig. 4B) . However, cycloheximide chase experiments revealed remarkable differences in protein stability (Fig. 4C) . Whereas Ub-βGal was degraded within minutes, the levels of Ub Ã 4 -βGal dropped appreciably over the course of several hours, comparable to the degradation kinetics of the analogous Ub Ã 4 -PCNA Ã . Unmodified βGal remained stable over the course of the entire experiment, and mutation of K29, K48, and K63 in the ubiquitin moiety of Ub-βGal also afforded complete stabilization (Fig. S4) . As expected, both Ub-βGal and Ub Ã 4 -βGal were stabilized in a cim3 mutant, indicating that their degradation is mediated by the proteasome (Fig. 4C) . Thus, the linear noncleavable tetraubiquitin chain serves as a general, but relatively inefficient proteasomal degradation signal.
Substrates Marked by Linear Polyubiquitin Chains Are Targeted to the
Proteasome by Components of the UFD Pathway. Given the similarity between the Ub Ã 4 -βGal construct and a polyubiquitylated UFD substrate, we asked whether degradation of the former would require factors of the UFD pathway. Ufd4, the E3 responsible for the initial modification of Ub-βGal, was found to be dispensable for Ub Ã 4 -βGal degradation (Fig. S5A) , consistent with the absence of higher modified forms of the fusion protein in WT cells or proteasome mutants (Fig. 4C and Fig. S5) . Interestingly, the construct was stabilized in ufd2Δ cells (Fig. S5B) . However, a C terminally truncated allele lacking the catalytic U box restored degradation (Fig. S5C) , indicating that the requirement for Ufd2 was not due to its E4 activity, but rather to its function in stabilizing the association of the Cdc48-Ufd1-Npl4 complex with the ubiquitin adaptors Rad23 and/or Dsk2 (8) . Accumulation of Ub Ã 4 -βGal in cdc48-2, npl4-1, and a rad23 dsk2 double mutant indeed suggested that the linear chains are recognized in a manner very similar to K48-linked polyubiquitin chains (Fig. S5 D-F) . In summary, it appears that the pathway by which the Ub Ã 4 -βGal construct is targeted to the proteasome largely overlaps with the UFD pathway, with the notable exception of the initial polyubiquitin chain assembly by E3 and E4. Stabilization of the analogous Ub Ã 4 -PCNA Ã in the npl4-1 mutant indicated processing by the same pathway (Fig. S6) .
Linear Polyubiquitin Chain Length Is Not a Limiting Factor for Degradation. Our data raised the possibility that the relatively low rate of degradation of our fusion proteins was due to an inefficient recognition of the linear tetraubiquitin chain by the proteasome or its targeting factors. Considering that a K48-linked chain of four ubiquitin units was found to function as the minimal recognition signal for efficient proteasomal degradation (23), we therefore asked whether an increase in chain length could compensate for a poor recognition and thus accelerate the degradation of the model substrate βGal. We duplicated the Ub (Fig. 5A) . Degradation of this construct, however, was comparable to that of Ub Ã 4 -βGal (Fig. 5B) , indicating that chain length is not a limiting factor for degradation in our system.
Discussion
Why do Linear Chains Not Function in Damage Bypass? A linear arrangement of ubiquitin molecules adopts an extended conformation identical to that of a K63-linked chain, and many ubiquitinbinding domains make no distinction between linear and K63-linked chains (18) . Nevertheless, our fusions of linear tetraubiquitin to PCNA did not rescue a PCNA polyubiquitylation defect in vivo, despite the notion that a K63-chain attached to PCNA's N terminus is functional. We can envision several reasons for the failure of these constructs to promote damage tolerance. First, it is formally possible that the instability of the fusion proteins prevents efficient error-free damage bypass, although we consider this unlikely because the Ub Ã 4 ðLÞ-PCNA Ã construct is active in TLS, and the levels of physiologically K63-modified PCNA are Fig. 4 . A linear noncleavable tetraubiquitin chain acts as a general, but inefficient degradation signal. (A) Schematic view of the βGal constructs used in this study. The asterisk denotes the ubiquitin mutant (K29/48/63R, G76V). Ub-βGal was originally described as Ub V76 -V-e ΔK -βgal (41) . (B) Northern blot analysis indicates similar expression levels of all three βGal constructs upon induction with galactose (GAL). (C) Ub Ã 4 -βGal and Ub-βGal are degraded by the 26S proteasome with distinct kinetics. After growth in galactose medium for 2 h, a promoter shut-off (by shift to glucose) was combined with a cycloheximide chase (100 μg∕mL) to inhibit de novo protein synthesis in the indicated strains, and samples were processed as in Fig. 2C . The βGal construct served as a stable control protein. Lanes labeled "-" represent samples from cultures grown in glucose medium. Note that degradation of Ub-βGal produces a stable fragment of ca. 90 kDa (26) . 4 modules used to create the octaubiquitin chain is identical to that used in Ub Ã 4 -βGal. (B) Ub Ã 8 -βGal is degraded at a rate comparable to that of Ub Ã 4 -βGal. Promoter shut-off/cycloheximide chase experiments were performed with the two constructs in a WT strain as described in Fig. 4C. naturally very low. Second, we cannot exclude that the noncleavable nature of the chain interferes with correct function. This may apply if the deubiquitylation step is physiologically relevant for error-free damage bypass-even though removal of monoubiquitin from PCNA is not required for TLS (21) . Finally, the linear chains might not be recognized by a K63-selective downstream effector protein that mediates the error-free bypass pathway. On one hand, although the Ub Ã 4 array was bound by the UBAN domain of NEMO (Fig.S7) , whichishighlyselectiveforlinearchains (18, 20) , the G76V mutation might interfere with the recognition by a PCNA-specific ubiquitin receptor. On the other hand, there are ubiquitin-binding domains that bind exclusively to K63-linked chains, such as the C-terminal NZF domain of TAB2 (18, 27) . At present it is difficult to distinguish between these possibilities, as replacement of our chains with a cleavable version would result in its processing to monoubiquitylated or unmodified PCNA, and characterization of a downstream effector will have to await its identification.
Why Is K63-Polyubiquitylated PCNA Not Degraded? Genetic data linking DNA damage bypass to proteasome activity have been indirect and ambiguous. While Hofmann and Pickart (15) used a lack of synergism between pre1-1 pre2-2 and rev3 mutants with respect to UV sensitivity as an argument against proteolytic function in error-free damage tolerance, others postulated a role of the proteasome in limiting the mutagenic activity of TLS, based on epistasis and mutation rate analysis (24, 28) . We have finally directly assessed the response of polyubiquitylated PCNA to variations in proteasome activity and find no evidence for a degradation of the modified clamp. Our findings instead reflect the global behavior of K63-linked chains, which do not accumulate upon inhibition of the proteasome (29) . Hence, the recent finding that proteasome-dependent processing of the transcription factor Mga2 occurs after K63-ubiquitylation by the E3 Rsp5 remains an isolated incident of K63-mediated proteolysis (16) . In that study, contributions of K48-linked chains or chain editing by means of Rsp5-associated deubiquitylating activity were not rigorously excluded. Yet, K63-linked chains bind the proteasome with similar efficiency as K48-linked chains (15, 30) , and little selectivity was observed in their affinities for the ubiquitin adaptors Rad23 and Dsk2 (31) . The most straightforward explanation for the inefficiency of K63-linked chains as a degradation signal on PCNA may therefore be an insufficient chain length. Whereas the minimal number of ubiquitin moieties in a K48-linked chain required for efficient recognition by the proteasome was shown to be four (23) , PCNA modifications exceeding the tetraubiquitylated state are undetectable in vivo, and even the latter is much less abundant than the mono-and diubiquitylated forms (32) . It remains to be determined how chain length is limited in vivo, but the use of deubiquitylating enzymes such as the mammalian Usp1 (33) may represent an effective strategy for the evasion of degradation.
Linear Polyubiquitin Chains as Degradation Signals. In vitro, the 26S proteasome is not particularly selective in the recognition of ubiquitylated proteins (15, 34) . It is therefore not surprising that linear ubiquitin chains competitively inhibit degradation of K48-polyubiquitylated substrates (23) , and a linear noncleavable tetraubiquitin chain fused to a model protein can elicit the degradation of its fusion partner (35) . However, little is known about the suitability of linear chains as degradation signals in vivo. Noncleavable tandem arrays of 2-8 ubiquitin units were shown to confer half-lives of less than 10 min to their fusion partners in reticulocyte lysates and cell culture (35, 36) . When overexpressed in yeast, they effectively inhibit the proteasomal degradation of short-lived proteins (37) . However, extensive modification by further ubiquitylation was noted in these cases, suggesting that the arrays mainly serve as efficient ubiquitin acceptors. In our system, further modification of the ubiquitin moieties, for example via K11, is unlikely, as this should also affect the shorter chains to at least some degree. Yet, instability was observed only for those constructs bearing at least four ubiquitin moieties, and previous reports had demonstrated chain extension via K29 and K48 for UFD substrates (5-7). Thus, a linear tetraubiquitin chain appears to be sufficient to induce proteasomal degradation in vivo.
LUBAC, an E3 that catalyzes linear polyubiquitylation, destabilizes a fusion of ubiquitin to the green fluorescent protein (GFP) in mammalian cell culture when overexpressed (17) . At the same time, however, linear chains attached by LUBAC to K285 and/or K309 of NEMO apparently do not promote degradation (19) , suggesting that the positioning of the chain on the target may affect its efficiency as a degradation signal. Similarly, we found that turnover rates varied significantly between Ub Ã 4 -PCNA Ã and PCNA Ã -Ub Ã 4 , and degradation of Ub Ã 4 -βGal was quite inefficient compared to an analogous UFD substrate. These observations initially suggested that inefficient recognition of the short linear chains by the proteasome might be responsible for the slow turnover. However, extension of the ubiquitin module to eight units did not accelerate degradation, and although linear chains are somewhat less effective at competing for proteasome binding than K48-linked chains (23) , association of linear noncleavable tetraubiquitin with the proteasome had been observed in vivo (37) . Taken together, these data therefore imply that inefficient processing rather than targeting is responsible for the slow degradation. This scenario is supported by the notion that the proteasome-associated isopeptidase Rpn11 positively contributes to proteolysis in vivo, presumably by removing polyubiquitin chains en bloc from substrates as they enter the channel into the proteasome (38, 39) . In our system, the noncleavable tandem ubiquitin array needs to be unfolded and degraded along with the substrate. Considering the tightly folded structure of ubiquitin, this may present a barrier for proteolysis, in particular as substrate unfolding is known to affect degradation rates in vitro (23, 40) . Alternatively, prolonged association of the tetraubiquitin module with ubiquitin receptors at the proteasome lid might delay entry of the substrate moiety into the catalytic cavity. In either case, variation of the ubiquitin attachment site might change the way in which the substrate is presented to the proteolytic core, thus ultimately affecting degradation rates.
Whether linear polyubiquitin chains naturally act as degradation signals remains an open question. In higher eukaryotes, dedicated ubiquitin binding domains specific for linear chains might shield these from recognition by proteasomal targeting factors, but as linear chains have not been detected in budding yeast (29) , this organism might lack relevant receptors, thus resulting in proteasomal targeting through a lack of suitable downstream effectors.
Outlook. The distinct fates of PCNA modified by linear versus K63-linked polyubiquitin chains highlight the complexity of ubiquitin signaling that has emerged from numerous recent studies. Taken together, they indicate that not only the linkage of a polyubiquitin chain, but also its length, its position on the substrate and the capability to be edited and processed may determine the outcome of the modification. It is likely that the relevant downstream effector proteins responsible for the recognition of a particular chain in the context of its substrate will exhibit distinct interaction properties and will have to be considered individually in order to explain the choice of biological pathway dictated by polyubiquitylation.
Materials and Methods
Yeast Strains and Plasmids. Standard procedures were followed for the growth and manipulation of Saccharomyces cerevisiae. A list of strains is given in the Supplemental Information (Table S1 ). Experiments involving the proteasome inhibitor MG132 were carried out in a pdr5 deletion. Temperature-sensitive mutants were pregrown at 25°C, but experiments addressing protein stability were performed at 30°C. Plasmids encoding linear fusions of ubiquitin to the pol30(K127/164R) open reading frame were derived from constructs described previously (21) , and fusions to βGal from a galactose-inducible construct originally called Ub V76 -V-e ΔK -βgal, obtained from E. Johnson (41) . Details about their construction are given in the Supplemental Information. Fusion proteins were detected by Western blot with a polyclonal anti-PCNA (42) or a monoclonal anti-βGal antibody (Promega), respectively.
Detection of Ubiquitin Conjugates. Total ubiquitin conjugates in denatured cell extracts, prepared as described (43) , were detected by Western blots using a monoclonal ubiquitin-specific antibody, P4D1 (Cell Signaling Technologies). Damage-induced ubiquitylation of PCNA was detected by denaturing Ni-NTA affinity chromatography and Western blot analysis as described previously, using PCNA-and ubiquitin-specific antibodies (44) . Cells were treated with 0.02% MMS for 90 min to induce the modification. For inhibition of the proteasome, MG132 (50 μM) was added 2 h before inducing DNA damage.
Determination of UV Sensitivities. UV sensitivities were determined by plating defined numbers of cells from exponential cultures onto YPD medium, irradiation at 254 nm in a UV crosslinker (Stratalinker 2400, Stratagene), incubation in the dark for 3 days, and colony counting. Graphs represent averages and standard deviations of triplicate experiments.
Northern Blot Analysis. Total RNA was extracted from yeast cultures using an RNeasy mini kit (Qiagen). RNA samples were separated on agarose gels in a buffer containing 30 mM Bis-Tris, 10 mM Pipes, 1 mM EDTA, pH ∼ 6.7, after denaturation by glyoxal. Blots were hybridized with a 464 bp βGal-specific probe generated from a polymerase chain reaction (PCR) product by labeling with Ready-To-Go DNA labeling beads (GE Healthcare). Hybridization was performed in ExpressHyb solution (Clontech) at 68°C for 1 h.
Determination of Protein Stability by Cycloheximide Chase. Yeast strains expressing the relevant PCNA Ã constructs were grown in YPD medium at 30°C to exponential phase and treated with 100 μg∕mL cycloheximide to inhibit global protein synthesis. Aliquots were taken at the indicated time points, cell lysates were prepared from equal culture volumes as described (43) and the fusion protein was detected by Western blot with a polyclonal anti-PCNA antibody, along with native PCNA as a loading control. For analysis of the βGal constructs, yeast cultures were grown overnight in uracil-free synthetic complete medium containing 2% lactate as a carbon source, and expression of the constructs was induced by addition of 2% galactose for 2 h. Cells were then shifted to glucose medium containing 100 μg∕mL cycloheximide. Aliquots of equal volume were taken at the indicated time points, and the βGal constructs were detected in total extracts by Western blot with a monoclonal anti-βGal antibody (Promega). Detection of phosphoglycerate kinase with a monoclonal antibody (Molecular Probes) served as a loading control.
